The focusing effects of a 1.4 m long, (0-2) x 10 14 cm -3 plasma on a single 28.5 GeV electron bunch are studied experimentally in the underdense or blowout regime, where the beam density is much greater than the plasma density. As the beam propagates through the plasma, the density of plasma electrons along the incoming bunch drops from the ambient density to zero leaving a pure ion channel for the bulk of the beam. Thus, from the head of the beam up to the point where all plasma electrons are blown out, each successive longitudinal slice of the bunch experiences a different focusing force due to the plasma ions. The time-changing focusing force results in a different number of betatron oscillations for each slice depending upon its location within the bunch. By using an electron beam that has a correlated energy spread, this time-dependent focusing of the electron bunch has been observed by measuring the beam spot size in the image plane of a magnetic energy-spectrometer placed at the plasma exit.
I. INTRODUCTION
Plasma based accelerators utilizing relativistic-propagating plasma waves (or "wakes") offer the potential of higher acceleration gradients and stronger focusing fields as compared to conventional RF methods. Both laser pulses and short electron bunches can be used as "drivers" for the excitation of relativistic plasma waves and both techniques have shown acceleration over short distances; typically over less than 1 cm (for lasers) to 10 cm (for electrons). 1 2 3 4 5 Experiments at the Stanford Linear Accelerator Center (SLAC) have been studying the longitudinal and transverse dynamics of electron-bunch drivers in a dense plasma ( p n > 10 14 cm -3 ) over an extended length of 1.4 m, a length consistent with a prototype multi-GeV plasma-accelerator stage. The stable propagation of a tightly focused, short-pulsed and high-peak current electron drive bunch through such a stage is required for high-energy physics applications. A fundamental characteristic of such beam-plasma interaction is a time-dependent focusing force, which, in turn, gives rise to a rich oscillation behavior of the beam referred to as dynamic focusing. This paper presents measurements demonstrating the effects of dynamic focusing using the time integrated spot size of an electron bunch, which contains a correlated energy chirp, in the image plane of a magnetic energy-spectrometer placed at the plasma exit.
II. PHYSICAL PICTURE
When a short electron bunch propagates in a plasma, the plasma electrons are expelled by the space-charge force of the bunch. This motion of the plasma electrons forms a wake since the heavier ions are left behind. The optimal r.m.s. bunch length, z σ , for driving a large-amplitude wake in a plasma of density p n is given by . The transverse fields of the wake impose a focusing force on the electron beam. In the case of a pre-formed ion channel of a given density, the beam can be "beta matched" coming into the plasma. When the beam is in this matched condition, it will propagate through the plasma without any variation in its transverse spot size, r σ . In this experiment, the ion channel is not pre-formed and the plasma density is varied. The resulting envelope oscillations provide a useful diagnostic into the temporal dynamics of an electron bunch propagating through a plasma; in particular, the dynamic focusing within a single bunch as a result of the time-dependent focusing forces.
For the conditions of this experiment with ~3.2 nC of charge in a z σ ~ 0.65 mm electron bunch, the beam density, b n , is much greater than the plasma densities. The situation of b n >> p n is called the "blowout" regime, where the density of plasma electrons is insufficient to neutralize the beam space charge and all the plasma electrons are blown out of the beam's path after a certain time.
The basic physics involved in dynamic focusing is as follows: the leading edge of the bunch expels electrons from the plasma leaving behind a column of massive (relatively immobile) ions. These ions then focus the beam via their space charge force. This focusing force rises from zero at the head of the bunch to the asymptotic value given by the pure ion-channel density (typically reached in the middle of the bunch for this experiment). The time necessary for all the plasma electrons to be expelled from the cross section of the bunch is referred to as the "blowout time." Thus each successive longitudinal "slice" in the front portion of the bunch experiences a different focusing force and consequently a different betatron oscillation frequency until blowout is reached.
Elucidating the details of this dynamic behavior is the purpose of this paper.
III. RELATED PRIOR MEASUREMENTS
Previous papers have shown the clear oscillation of the projected or time-integrated beam spot size (betatron oscillations) due to the focusing effect of the plasma wakefield. 6 7 As was presented in those analyses, the focusing force of the plasma increases as the plasma density increases, until the time-integrated beam spot size is a minimum at the image plane, which for those previous experiments was located 1 m downstream of the plasma exit. At higher densities, the focus will eventually be inside the plasma itself, and the time-integrated beam spot size increases at the image plane. At still higher densities, the first focus will be well inside the plasma and a second focus will be formed at the image plane. As this process continues the betatron motion becomes evident and the end result shows a focused beam at the image plane for multiple plasma densities. A simple envelope equation assuming a fully pre-formed, time-independent ion channel was found to match the data fairly well. The reason the envelope model and data agree is because the dominant contribution to the measured beam spot size was the bulk of the beam after blowout, meaning the dynamically focused part of the bunch was effectively washed out in the measured profile.
In addition to demonstrating oscillation of the time-integrated beam size, there have been various experiments that have also shown time-resolved variation of the transverse beam size within a bunch using a streak camera. 6 8 The limited dynamic range and timeresolution of the streak camera constrained the measurement of dynamic focusing to the plasma-lens case of a single minimum for these experiments. This paper expands on the work presented in Ref. 6 and significantly improves on the streak camera measurements as a result of a novel diagnostic method described in Section V of this paper. The improved time-resolution occurs by exploiting the correlated energy chirp within the bunch and the imaging properties of the spectrometer.
IV. NUMERICAL STUDIES
Self-consistent simulations using the 3-D-cartesian (and 2-D-cylindrical) particle-in-cell code OSIRIS 9 show that the time to reach asymptotic focusing, i.e. the blowout time, depends mainly on the beam's transverse field as determined by the beam density, b n , and is not substantially influenced by the plasma density (Fig.1) . In this experiment, b n is not varied, so the time to blowout remains constant as the plasma density is varied.
Since the strength of the focusing force on the beam does depend on the plasma density, the minima of the envelope oscillations will occur earlier in the bunch at higher plasma densities. Figure 2a illustrates the rise in the ion column density, i n (equal to the drop in the electron plasma density due to blowout) along the axis of an electron bunch for three should be noted that the focusing force is assumed to be linearly proportional to the radius throughout the bunch. This approximation is only strictly valid for the majority of the bunch that is in the blowout regime. 6 Some characteristics to notice are the increase in the amount of betatron oscillations within the bunch as the ambient plasma density increases, as well as the temporal migration of the minima associated with these oscillations to times earlier in the bunch as the density increases. Also note that the latter half of the bunch, the part of the beam that is in blowout, experiences a constant focusing force at a given density. 
FIG. 3. (Video

V. EXPERIMENTAL METHOD
The experiment described in this paper, known as E-162, is ongoing at SLAC and uses the 28.5 GeV electron beam at the Final Focus Test Beam (FFTB) facility. Figure 4 illustrates the primary features of the experimental setup. The incoming bunch is ~. 65 mm long and has a full-width energy spread of 1.8%. The correlated energy spread of the bunch is determined by the wakefields in the linac and where the bunch rides the rf wave.
An ultraviolet (UV) laser pulse ionizes the lithium vapor prior to the bunch's arrival and the resulting plasma density is linearly proportional to the incident energy of the ionizing laser. The lithium plasma, 1.4 m in length, ranges in density from (0-2) x 10 14 cm -3 .
Optical transition radiators (OTR) located ≈1 m upstream and ≈1 m downstream of the plasma image the beam before entering and after exiting the plasma. A magnetic imaging energy-spectrometer images the electron beam from the plasma exit onto a Cherenkov radiator, 25 meters downstream of the plasma. This imaging spectrometer, consisting of six quadrupoles and a large dipole, has a magnification of 3, to within 10%, in both the horizontal and vertical dimensions. The dispersion η at the spectrometer image plane is ≈ 10cm or ~ 300 MeV/mm. See Table 1 for the typical beam and plasma parameters.
FIG. 4. Schematic of E-162 experiment layout. The diagram is not to scale.
Number of e-per bunch To determine the proportionality constant between the plasma density and the measured incident UV laser energy, the densities for which the beam is focused to a minimum at the plasma exit are calculated from the beam envelope model and compared to the experimental data. 6 The initial Twiss parameters at the plasma entrance (which give the emittance, initial spot size and beam-convergence needed for the envelope model) are obtained for the horizontal plane by the standard three-screen technique using the laseroff profiles from the upstream and downstream OTR images and the Cherenkov image.
a Energy Spread at a Given Time
In the laser-on beam envelope calculations, the plasma is modeled as a thick quadrupole that focuses in both planes. The single free parameter, the constant of proportionality between the UV energy and plasma density, is obtained by fitting the model predictions to experimental spot-size data when the UV energy is varied.
The magnetic energy-spectrometer images the beam at the plasma exit onto a thin piece of transparent aerogel. 10 The resulting Cherenkov light is then collected and re-imaged by an all-reflective optical transport system to a streak camera located 15 meters from the beamline. A reflective-optics system, having no refractive optical elements, is achromatic and the very-broadband Cherenkov light is re-imaged with no color or temporal aberrations. Two large field mirrors are used in the system for relay imaging, camera. The remainder of the light is then split and directed to the streak camera along two paths or arms. The horizontal arm is delayed ~20 psec, rotated 90° and recombined with the vertical arm. The final spherical mirror images the Cherenkov radiator through both arms onto the slit of the streak camera. This setup allows observation of the bunch's longitudinal dynamics along both the horizontal and vertical directions. The streak camera has time resolution of ≈ 1 psec. 6 Although the streak camera has sufficient resolution for tracking energy changes within the bunch, it is not the best tool for studying detailed transverse dynamics. The requirement of having a narrow slit (necessary for obtaining time resolution) limits the transverse field-of-view at the object (Cherenkov) plane. This is illustrated in Fig. 5 where the field-of-view of the streak camera is indicated by the horizontal and vertical input slits superimposed on a time-integrated image of the beam at the Cherenkov plane. within the bunch as density increases. These features, clearly seen in the data, were previously discussed as traits associated with dynamic focusing in Secs. II-IV of this paper and illustrated in Fig. 2 and 3 . Figure 7 shows four frames selected from Video 2 demonstrating the characteristics inherent in dynamic focusing. Figure 7a (frame 47) shows the expected behavior at low plasma density, where the head of the bunch is unfocused and the latter portion of the bunch is weakly focused. In Fig. 7b (frame 61), the minimum of the beam envelope is beginning to move to earlier time, as is indicated by the concentration of intensity (the patch of red) moving upwards, away from the tail. In Fig. 7c (frame 78), the beam envelope is modulated such that the beam is focused near the head and tail but defocused in the middle of the bunch. Finally Fig. 7d (frame 93) shows the second minimum beginning to move up towards the head of the bunch.
FIG. 7. (Video) Selected Frames from Video 2 with explanations given in the text.
Video 2 qualitatively illustrates dynamic focusing of the bunch as the plasma density is increased. To quantify the results, the Cherenkov images from Video 2 are sliced horizontally, such that each slice represents a small section in time. The region of the bunch where the energy chirp is roughly linear, was sectioned into ~ 0.7 psec-wide slices.
It should be noted the results are not sensitive to the exact choice of this slice width. The data within each of the slices was summed vertically and fit to a gaussian in order to extract the characteristic horizontal r.m.s. width of each slice. Figure 8 shows an example of this analysis for two such slices.
FIG. 8. Gaussian fits for a given Cherenkov image. For the graphs on the right, the
green circles indicate the data and the Gaussian fit is the solid magenta line.
From Fig. 8 , one can imagine how these slice profiles should vary along the bunch if the chirp were perfectly linear. The very top of the Cherenkov image (not seen in this colormap) would be the very front of the bunch and thus unaffected by the plasma. As the gaussian fit moves down toward the middle of the Cherenkov image, the width of the gaussian fit would oscillate, with the number of oscillations depending on the plasma density at which the Cherenkov image was taken. Still further down, into the bottom half of the Cherenkov image, the constant focusing force along the bunch due to blowout would result in a fit of some constant size, dependent on the plasma density for that image.
The results of the fitting analysis for the sectioned Cherenkov image are shown in Fig. 9 and repeated for three different plasma densities (three Cherenkov images) and, for comparison, the beam spot size with no plasma. We see that for each of these densities, 
VII. LIMITATIONS
Although the time-integrated Cherenkov images are not limited by slits and provide better time resolution than the streak camera, they can only be utilized to understand the middle of the bunch. Since the Cherenkov image is actually spread out in energy and not time, the curvature or "fold-over" of the chirp as is seen in Fig. 6 will undermine the accuracy of the head and tail measurements. For example, the first slice of the Cherenkov image will include both the -6 ± 0.5 psec and the -5 ± 0.5 psec ranges or sections of the bunch. Since the latter sections have more particles that experience a weak-focusing force created by the initial section, those will dominate the "head" of the sliced Cherenkov image. This could cause the points representing the head of the bunch to be plotted too low on the density axis of Fig. 11 . The same fold-over effects are seen in the tail of the bunch. This, together with the rapid and density-dependent change of the transverse forces at the tail of the bunch (Fig. 1 ) make the tail of the bunch too varied to be analyzed.
In addition, de-acceleration and acceleration will change the internal energy spectrum and cause some spatial mixing of the time slices in the integrated images. The full width correlated energy spread of the bunch is marginally perturbed when it passes through the plasma, however there can be significant internal energy changes resulting from the plasma. One effect is energy loss in the body of the beam, which can be interpreted as an effective time shift. Along the linear chirp in the center of the beam, the maximum time shift at the highest density would be ~0.6 psec. Also only particles in the tail of the bunch are accelerated by the plasma wakefield. This is an additional complication in the measurement of dynamic focusing in the tail, which is already dominated by the curvature of the chirp. At the highest densities, tail particles can gain sufficient energy such that they will overlap with particles in the core, causing an effective shift in measured "time." Slices in the back half of the bunch with τ > 0 should only be affected.
However, there are a relatively small number of accelerated particles and therefore its impact is negligible. Consequently, the Cherenkov images only accurately illustrate transverse dynamics for the middle of the bunch where the energy-time correlation is approximately linear and the time-dependent effects, which are the subject of this paper, are dominant.
VIII. CONCLUSIONS
In summary, the experimental results, using Cherenkov images as a temporal diagnostic, Any plasma accelerator will experience both longitudinal and transverse effects, but this work indicates that the transverse effects are well understood and do not present an obstacle for a properly placed witness bunch to utilize the longitudinal acceleration effects.
